Trilayer nickelates, which exhibit a high degree of orbital polarization combined with an electron count (d 8.67 ) corresponding to overdoped cuprates, have been identified as a promising candidate platform for achieving high-Tc superconductivity. One such material, La4Ni3O8, undergoes a semiconductor-insulator transition at ~105 K, which was recently shown to arise from the formation of charge stripes. However, an outstanding issue has been the origin of an anomaly in the magnetic susceptibility at the transition and whether it signifies formation of spin stripes akin to single layer nickelates. Here we report single crystal neutron diffraction measurements (both polarized and unpolarized) that establish that the ground state is indeed
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There has been intense interest in stripe phases due to the interplay of charge, spin and lattice degrees of freedom as well as their relevance to high-temperature superconductivity in cuprates [1] [2] [3] [4] [5] [6] [7] [8] [9] . Uncovering cuprate-like superconductivity in oxides containing transition metals other than copper remains a daunting challenge [10] , and in this regard R4Ni3O8 (R=La, Pr, or Nd) compounds have emerged as potential candidates [11] [12] [13] . These layered materials possess structures that resemble the n=3 Ruddlesden-Popper phase (Rn+1NinO3n+1) [14] , but they differ in that all apical oxygens are absent, resulting in trilayers of NiO2 planes in which all Ni ions possess square-planar coordination of oxygen anions. The electron count (3d 8.67 ) coincides with the over-doped regime of cuprates [12, 15] . Recent work indicates that these nickelates possess a low-spin state of Ni, large orbital polarization of the eg states with predominantly 2 − 2 orbital character near the Fermi energy, and significant O 2p-Ni 3d hybridization, all of which are considered to be important ingredients for superconductivity in the high-Tc cuprates [12] . Thus R4Ni3O8 compounds (particularly Pr4Ni3O8 which is metallic in its ground state [12] ) are more similar to the superconducting cuprates than previously studied nickelates with octahedral coordination, such as La2-xSrxNiO4 (LSNO) [16] [17] [18] and LaNiO3-based heterostructures [19] .
Unlike metallic Pr4Ni3O8, La4Ni3O8 undergoes a semiconductor-insulator transition upon cooling through ∼105 K [11, 13, [20] [21] [22] [23] [24] [25] [26] [27] [28] , and we have recently shown that the insulating state is characterized by the formation of charge stripes [13] . These stripes form in the Ni-O planes and are oriented at 45° to the Ni-O bonds, tripling the unit cell along the propagation direction. This tripling can be modeled as an ordering of charges in a 2:1 ratio (consistent with a splitting of the nominal charge concentration (Ni 4/3+ ) into Ni 1+ and Ni 2+ ions), and the ensuing three-fold superlattice that forms is similar to that found in single-layer LSNO (x=1/3) [29] . A fundamental, unanswered question remains, however, as to whether the ground state is magnetically ordered or not. Neutron powder diffraction experiments found no evidence for magnetic Bragg reflections [11] , which could reflect either lack of magnetic ordering or an ordered moment that is simply too weak to detect by powder diffraction. On the other hand, 139 La nuclear magnetic resonance measurements have revealed dramatic spectral changes that were attributed to low-energy antiferromagnetic correlations [20] and argued to be associated with the onset of long-range magnetic order below 105 K. Additionally, recent density functional theory (DFT) calculations were consistent with a charge and spin-stripe ordered groundstate [27] . In this Letter, we report direct and unambiguous evidence from single crystal neutron diffraction measurements (both polarized and unpolarized) that the Ni-O trilayers are indeed magnetically ordered due to the formation of antiferromagnetic spin stripes. We find that the neutron intensity can be modeled with ab-plane spin stripes formed within trilayer blocks, which are uncorrelated along the c-axis. These spin stripes are commensurate with the charge stripes, and both form simultaneously at the insulator-metal transition below ∼105 K, a distinct contrast to charge and spin stripe ordering in LSNO, other quasi-2D oxides, and more generally the vast majority of transition metal oxides.
Neutron diffraction measurements were performed on a single crystal (∼50 mg) that was obtained via reduction of a Ruddlesden-Popper La4Ni3O10 crystal that had been grown by the floating-zone method under high-pO2 [13] . The reduction process left the crystal brittle and with a large, structured mosaic (~ 7° at full-width-half-maximum). The crystal was encapsulated in
Cytop CTL-809M [30] , which is an amorphous fluorinated epoxy that is commonly employed to We begin by considering the reciprocal space map of the (hk0) scattering plane obtained at base temperature (1.8 K) with 120 K data subtracted as a background, as shown in Fig. 1A .
The measurements reveal the presence of weak peaks located at (2/3, 0, 0), (4/3, 0, 0), (1, 1/3, 0), and at other, symmetrically equivalent positions in the scattering plane. These peaks occur at the same points as reported via single-crystal x-ray diffraction and correspond to the positions assigned to charge stripes [13] . Since neutrons are not directly sensitive to modulations in charge, the results imply one of three possibilities: (i) the scattering is of nuclear origin arising from atomic displacements that follow the charge stripe modulation; (ii) the scattering is of magnetic origin, such as from spin-stripes; or (iii) both (i) and (ii). In single layer (e.g., LSNO, x≤0.5) nickelates [7] , ⃗ =1/2 ⃗ , where ⃗ and ⃗ are the spin-stripe and charge-stripe wavevectors, respectively. ⃗ is measured from the Γ point, whereas ⃗ is measured from the Neel To distinguish among these three possibilities, we have performed neutron polarization analysis. In particular, using an in-plane vector magnet, we have oriented the neutron polarization, �⃗ , parallel to the wave-vector, �⃗ . In this condition, all coherent nuclear scattering is ideally non-spin flip (NSF), while all magnetic scattering is spin flip (SF), though inefficiencies in the polarization always lead to a weak cross-contamination of the NSF and SF cross-sections.
As shown in Figs. 2A and 2B, at both 300 K and 50 K, respectively, rocking scans through the 220 Bragg reflection show little temperature dependence because it is completely nuclear. Thus, it is dominated by the NSF cross-section, which is ~13 times stronger than the SF cross-section.
This factor (flipping ratio) defines and limits the sensitivity of our experiment.
Figs. 2C and D show similar rocking scans of the (4/3,0,0) reflection at both 300 K and 50 K. First, it is apparent that there is no peak in either the SF or the NSF cross-section at 300 K,
showing that there is neither a charge nor spin modulation present. However, at 50 K, peaks are observed in both the SF and the NSF channels. Indeed, although the NSF intensity is a bit stronger than the SF intensity, they are comparable, and their ratio (~1.3) is an order of magnitude smaller than the flipping ratio. Thus, both nuclear and magnetic components contribute to the superlattice cross-sections, implying that the underlying real space modulation arises from both spin-spin correlations and correlated atomic displacements. For the case of LSNO, correlated displacements also give rise to nuclear superlattice reflections, though they do not overlap with the magnetic reflections except for the specific case of La5/3Sr1/3NiO4 [7] .
The l-dependence of the neutron peaks further confirms that there is a magnetic component and reveals the nature of the magnetic correlations. Fig. 1B shows a scan, performed with unpolarized neutrons, along (4/3,0,l). A weak, broad peak is observed that is centered at l=0, and stronger broad peaks are present at l=±4. This behavior differs from that observed in the x-ray measurements, in which pseudo-triplets centered at l=8n (e.g. l=-1,0,1 and l=7, 8, 9) because the repeat distance for charge along ⃗ is the nearest distance between Ni-O planes, which is c/8 [13] . The difference in the l-dependence arises from the magnetic contribution to the neutron cross-section, and the fact that the peaks are centered at l=4n establishes a nearestneighbor antiferromagnetic interaction along ⃗ so that the repeat distance is twice that between nearest-neighboring Ni-O planes, i.e., c/4. This realization, combined with the broad nature of the peaks, suggestive of short-range correlations, led us to consider magnetic correlations within individual, uncorrelated trilayers as the origin of the scattering.
By analogy with the single layer nickelates, ⃗ =½ ⃗ implies the formation of antiferromagnetic spin stripes in the NiO2 planes that are commensurate with the charge stripe order. Using the charge stripe structure determined from x-ray diffraction as a startingpoint [13] , as shown in Fig. 3 constraints, models for uncorrelated trilayers possess three degrees of freedom: (1) direction of the spin axis, (2) magnetic coupling between individual layers ("intra-trilayer" coupling), and (3) magnetic coupling across charge stripes -the latter two of which are depicted in Fig. 3 . As detailed in the SI, models that fully explore these degrees of freedom have been investigated.
Based on comparisons of the calculated (hk0) maps and (4/3,0,l) cuts to the experimental observations, all models that did not possess antiferromagnetic coupling across the charge stripes, a spin axis with a significant component perpendicular to the charge stripes, and an antiferromagnetic intra-trilayer interaction could be eliminated. This intra-trilayer antiferromagnetic interaction can be understood by direct exchange between two d 9 ions each possessing a hole in its dx 2 -y 2 orbital [31, 32] as has been argued for YBa2Cu3O6+x [33] . The model that best matches the data is shown in Fig. 3 , and the resulting (hk0) map and (4/3,0,l) cut are shown in Fig. 1C and Fig. 1D , respectively. Although quantitative agreement between the calculated and measured intensities is impossible because of the unknown nuclear contribution to the cross-section, the model qualitatively reproduces the observed pattern in the (hk0) plane, the width of the peaks in l, the observed maxima at l=±4, and the weaker peak at l=0. Comparisons between the calculations for ⃗ // �⃗ and ⃗ // ⃗ favor ⃗ // ⃗ because of the relative distribution of intensities in the (hk0) plane; specifically, as shown in the SI, the case of ⃗ // � ⃗ yields intensities that are too weak at (1,1/3,0) and (1,-1/3,0).
Models of correlated trilayers have also been considered. We found that in these correlated models, the individual building units of individual trilayers must possess the same characteristics established for the uncorrelated trilayers discussed above: antiferromagnetic intratrilayer interactions, antiferromagnetic coupling across charge stripes, and a spin axis perpendicular to the stripe direction. Moreover, significant broadening of the observed lineshapes along l must be imposed to fit the data, yielding a correlation length along ⃗ that corresponds to roughly the height of a single trilayer. Thus, although weak coupling between nearest neighbor trilayers must be present, the data can be adequately modeled using a simplified uncorrelated trilayer model (intensities for correlated trilayer models are described in detail in the SI). We note that weak coupling along ⃗ is common in related materials such as LSNO [29] .
In the case of La4Ni3O8, this can be rationalized by the large distance between successive trilayers (~ 6.5 Å), the lack of a significant super-exchange pathway connecting the trilayers, the lateral shift in the Ni positions from one trilayer to the next (as shown in SI Fig. 3 ) which leads to geometric frustration, and the short correlation length of charge-stripes along ⃗ [13] . We have measured the temperature-dependent order parameter of the charge stripes by measuring the (13/3,3,0) superlattice reflection in x-ray measurements, as shown in Fig. 4A . We have also determined the magnetic order parameter (Fig. 4B ) by measuring the temperature dependence of (4/3,0,4), which is ideal since the magnetic cross-section peaks at l=4, whereas the nuclear cross-section does not. The magnetic order parameter was fit to a power law, I∝(1-T/TN) 2β , for T<TN (where TN is the Neel temperature) with fixed β of 0.125, which corresponds to a 2D Ising system [34] . Inasmuch as the fit agrees reasonably well with the temperature dependence of the intensity, this suggests the order parameter is consistent with the quasi-2D
Ising model described above. Direct determination of the exponent from free fitting would require a higher density of temperature points with significantly improved counting statistics compared to what could be measured. Within the temperature resolution of the measurements, both the charge and spin order parameters become finite at the same temperature, which is consistent with the anomaly in the magnetic susceptibility (Fig. 4C) . In the single-layer nickelates, the lower spin-stripe transition temperature is also manifest by a distinct change in slope in the magnetic susceptibility [17] . Consistent with the spin and charge stripes possessing the same transition temperature in La4Ni3O8, the slope of the susceptibility, shown in Fig. 4D , evidences no such feature below 105 K.
If one of spin or charge order were dominant, then its temperature dependence should be stronger than that of the secondary order parameter, which would go as the square of the primary order parameter. However, it is clear from Fig. 4 that both the charge and spin order parameters reach their maximum value at approximately the same temperature, suggesting a scenario of strongly coupled spin and charge stripes in which neither order parameter is secondary with respect to the other. This behavior of La4Ni3O8 contrasts with that of the single-layer nickelates, as well as that of many other transition metal oxides, for which the charge stripes order at a higher temperature than the spin stripes with the spin order having a temperature dependence consistent with its secondary nature [7] . Specific examples of other transition metal oxides that do exhibit simultaneous charge and spin stripe transitions include the 3-dimensional perovskite Nd1/3Sr2/3FeO3 [35] , but which clearly has a dominant charge order parameter instead, as well as Nd1/2Sr1/2MnO3 [36] . Thus, the simultaneous transitions in quasi-2D materials and non-dominant order parameters appear unique to La4Ni3O8.
A comparison of the correlation lengths in spin and charge channels may offer additional insights. Within the ab-plane, both the charge and magnetic correlation lengths appear as longrange ordered, with the caveat that the quality of currently available crystals makes it impossible to differentiate correlation lengths larger than several nanometers from long-range order. Energy stability arguments based on the anisotropy energies calculated in the electronic structure calculations indicate that the in-plane correlation length must be more than 2 nm (though again it could be much larger). Along ⃗, the correlation length for both charge and spin is approximately the size of an individual trilayer. We do note, however, that correlation between nearest neighbor trilayers is required to reproduce the observed superlattice pattern in x-rays [13] whereas such coupling is not necessary to reproduce the magnetic intensity observed here, though such coupling clearly cannot be ruled out.
In summary, neutron scattering measurements unambiguously establish an ordered magnetic ground state for La4Ni3O8. The magnetic structure is an antiferromagnetic spin stripe 
